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The development of tertiary interactions during the folding 
of a large protein 
Martin J Parker, Richard B Sessions, Ian G Badcoe and Anthony R Clarke
Background: We have used protein engineering and relaxation kinetics to
examine the order in which secondary structure elements assemble during
folding. Aliphatic contacts in the core of a large domain within the monomeric
protein phosphoglycerate kinase (PGK) were disrupted in order to map the
development of interactions between b-strand and a-helix residues, both near
and distant in the sequence. 
Results: Mutations which break sequence-local a–b contacts destabilize the
first identifiable intermediate in folding, showing that these contacts develop
early in the folding pathway. In contrast, the removal of sequence-distant a–b
interactions has little effect at this stage, but reduces the rate at which the
intermediate converts to the native state. Thus, contacts between these remote
segments of secondary structure start to form later on in the process, during the
rate-limiting transition. 
Conclusions: In the case of this large protein domain, our results support the
hypothesis that folding proceeds by a hierarchic pathway. Interactions form
rapidly between sequence-local groups to produce microdomains before the
establishment of the long-range contacts necessary to define the global fold,
which proceeds through a highly hydrated transition state.
Introduction
A solution to the Levinthal paradox [1] will be reached
when we understand how individual sidechain interac-
tions in a protein molecule cooperate to limit the search
through conformational space during the folding process.
To this end, it is necessary to identify and quantify, by
experimental means, the development of sidechain con-
tacts in the intermediate and transition states of protein
folding reactions [2]. Although some experimental studies
suggest that the greater part of the Levinthal paradox is
solved in the early stages of protein folding [3,4], the
elusive nature of kinetic intermediates makes it difficult
to describe the time-dependent development of structure.
Some models of protein folding emphasize a localized and
hierarchic principle of structure acquisition [5–7] whereas
others view the process as occurring by a more globally
cooperative and uniform mechanism [8,9]. In hierarchic
models, short native-like elements of secondary structure
are stabilized by sequence-local tertiary interactions to
form small units or microdomains. The coalescence of
these microdomains then progressively stabilizes their
constituent secondary elements to form the native state.
The hierarchic mechanism is supported by the propensity
of some isolated peptide fragments to adopt conformations
corresponding to those found in the native structure
[10,11] and by the observation that some proteins form a
substantial secondary structural framework within milli-
seconds of the initiation of folding. The importance of
later steps in stabilizing these initial secondary structures
is demonstrated by the lack of protection of backbone
amide protons from solvent exchange in the initial stages
of folding [12–17].
A more global hydrophobic collapse model has been sug-
gested from lattice studies of homopolymers [18,19]. In
these models, the formation of secondary structure is a
requirement for any linear polymer that tends to form
many intra-chain contacts through collapse. Additional
studies on random non-polar/polar sequences suggest that
only a tiny fraction of the total number of possible config-
urations have the maximum number of hydrophobic con-
tacts [20,21]. Indeed, the basic tertiary fold may derive
simply from the pattern of hydrophobic residues in the
sequence [22]. In other words, tertiary interactions
promote the formation of secondary interactions [19]. This
more global and uniform folding model views the early
stages of protein folding as being driven by a hydrophobic
collapse that is simultaneous over all length scales, result-
ing in the non-specific formation of secondary structure.
The greatly reduced number of possible conformations in
these compact states would contribute to the solution of
the Levinthal paradox [23]. More configurationally spe-
cific interactions, e.g. tertiary hydrogen bonds, may then
serve to limit conformational space further [18]. However,
rotational isomeric models suggest that only at a compact-
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Figure 1
Domain structure and experimental design. (a)
Ribbon diagram of the C-terminal domain of
PGK, with the sidechains chosen for this
study shown as space-filling structures: I216
(b-strand), I217 (opposite side of the same b-
strand), L221 (a-helix) and V306 (a-helix).
I217 and L221 make only sequence-local
sidechain interactions; the a-carbons of those
sidechains that make contacts within 1.7 Å of
I217 and L221 are numbered and
represented by small, dark spheres. I216 and
V306 make only sequence-distant sidechain
interactions; the a-carbons of these
sidechains are numbered and represented by
small, light spheres. (b) The three-dimensional
arrangement of these sidechain contacts is
represented in a stereo pair. (c) All these
interactions, in the context of the primary
sequence, are represented on a linear contact
map. Arrows represent b-strands and
rectangles a-helices. I216 (four long-range
contacts) average sequence spacing 63
residues; I217 (four short-range contacts)
average spacing nine residues; L221 (six
short-range contacts) average spacing 16
residues; V306 (three long-range, one short-
range contact) average spacing 64 residues.
ness greater than that of a native protein would such con-
figurational preferences be significant [24]. So, the precise
function of compactness in the creation of secondary
structure remains unclear.
In an effort to address these issues, we have pursued a
protein engineering method [25] to measure the temporal
development of tertiary interactions within a large protein
domain as a function of sequence separation. The test-bed
protein is the thermally stable phosphoglycerate kinase
(PGK) from Bacillus stearothermophilus. It is 394 residues
long and divided into two well defined domains of similar
size, each comprising six parallel b-strands sandwiched
between a-helices [26]. The relatively large size of this
protein has enabled us to identify similar inter-residue
contacts which are clearly close or clearly distant in
sequence within the core of the C-terminal domain (see
Fig. 1a,b).
In this study, we investigate sequence-local a–b interac-
tions, made by residues Ile217 (b-strand) and Leu221 (a-
helix), and sequence-distant a–b interactions, made by
residues Ile216 (on the opposite side of the same b-strand)
and Val306 (a-helix; as shown in Fig. 1a,b). The linear
contact map (Fig. 1c) shows that, apart from interacting
with each other, the sidechains of residues 217 and 221
make only sequence-local contacts, whereas 216 and 306
make only sequence-distant ones (see Fig. 1 legend for
the mean sequence spacing for the contacts made with
these residues). By truncating these residues and measur-
ing the effect on the folding kinetics, we are able to define
the extent to which the original contacts are made in
rapidly formed intermediates, in the rate-limiting transi-
tion state and in the folded state. Although this study is
limited to the exhaustive analysis of only six mutants, they
are sufficiently well chosen to demonstrate that sequence-
local interactions develop early on the folding pathway,
whereas sequence-distant contacts start to form later on,
during the rate-limiting transition. In addition, the reac-
tion profiles for these mutants suggest that a critical stage
of dehydration occurs in the rate-limiting transition state,
involving the coalescence of partially stable substructures.
Results and discussion
The folding pathway of the wild-type protein
The folding rate of the single-tryptophan PGK molecule
(W315 PGK; see Materials and methods) used in this
study, from the fully unfolded state to the catalytically
active state, is 0.032 s–1. The rate-limiting step in this
process is the acquisition of the folded state in the C-ter-
minal domain, which is reported by a 60% fluorescence
quench of Trp315. The N-terminal domain folds 50 times
more quickly, at a rate of 1.5 s–1. Both the N-terminal and
C-terminal domains pass through rapidly formed interme-
diate states which show little or no inter-domain interac-
tion; it is only when both have passed through their
respective rate-limiting transition states that the domains
form measurable contacts. In the unfolding direction, the
N-terminal domain unfolds first followed by the C-termi-
nal domain, i.e. the domain folding is random order. The
mutations we describe here have no detectable influence
on the folding kinetics of the N terminus (J Spencer,
MJ Parker, AR Clarke, unpublished data).
Fluorescence transients which report the folding and
unfolding of the C-terminal domain in the context of
whole protein are shown in Figure 2. These relaxation
processes follow single exponential kinetics, so are
described by a single rate constant. The denaturant depen-
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Figure 2
Folding and unfolding kinetics. (a) Three representative kinetic traces
for the folding of the C-terminal domain of V306fiA PGK to the folded
state, following the fluorescence of W315. The final GuHCl
concentrations are, in order from bottom to top, 0.015, 0.362 and
0.610 M and the calculated first-order rate constants (see Materials
and methods) are 0.010, 0.0053 and 0.0029 s–1, respectively. 
(b) Three representative kinetic traces for the unfolding of the 
C-terminal domain of V306fiA PGK. Final GuHCl concentrations are,
in order from top to bottom, 1.44, 1.34 and 1.15 M and the calculated
first-order rate constants are 0.0092, 0.0040 and 0.0013 s–1,
respectively. Fitted curves are shown as continuous lines.
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dence of the observed relaxation rate (Fig. 3) is non-linear
in the folding limb of the plot, showing that the C-domain
folds through an intermediate state which is populated
only in strongly folding conditions [27]. The kinetic mech-
anism is described by the following reaction scheme: 
(1)
The sensitivity of each constant to solvent conditions
allows deduction of six crucial physical parameters: KI/U(w),
kI–F(w), kF–I(w), mU, mt and mI (see Materials and methods
and [27]). The first three parameters represent equilib-
rium and rate constants in water and the last three are a
measure of the solvent exposure of the unfolded protein
molecule (U), the I–F transition state (t) and the rapidly
formed intermediate (I), respectively; all relative to the
folded state (F) [27]. These m-values reflect the degree of
solvation of non-polar (i.e. hydrocarbon) groups in the
protein and thus provide a qualitative measure of the
degree of compactness at each identifiable point in the
folding reaction [28,29]. Consequently, they can be used
to define the position of states on a reaction coordinate for
folding and unfolding [27,30] against which the free
energy of each state can be plotted (see below). To
examine the formation of inter-residue contacts through
the folding reaction, we have constructed six aliphatic
sidechain deletion mutants of PGK: four single mutants
(I216fiA, I217fiA, L221fiA and V306fiA) and two
double mutants (I216fiA; V306fiA and I217fiA;
L221fiA). By comparing the equilibrium and kinetic
behaviour of these mutants with the wild-type protein, we
estimate the strength of these residue contacts in the
ground states (I and F) and in the rate-determining transi-
tion state (t) which separates the I and F states.
Effects of mutations on the folded state: equilibrium
measurements
All six mutants fold to the native state by the criterion of
retaining catalytic activity (see Table 1). The Michealis
K I/U
U I
k I-F
k F-I
F
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Figure 3
Variation of folding/unfolding rates with
denaturant activity. The variations of the
observed rate constant (kobs) with molar
denaturant activity (Materials and methods;
[27]) are shown for wild type (WT) and long
sequence range mutations in the upper plot
and for WT and short sequence range
mutations in the lower plot. Each point is an
average of five or six transients, i.e. the data
set comprises more than 1500 individual
reaction transients. The rate profile for each
protein was fitted to the equation:
kobs = k(F–I(w)).exp(–mt.D) + k(F–I(w)).exp((mI–mt).D)
(1+KI/U(w).exp((mI–mU).D))
(Materials and methods; [27]) where rate and
equilibrium constants describe the given step
(designated by the subscript) in water,
according to the reaction scheme in Results.
D is the molar denaturant activity and m-
values represent the degree of solvent
exposure of a particular state (also designated
by the subscript). Fits to the data are shown
as continuous curves. Results are given in
Tables 2,3.
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constants for ATP (Km(ATP))—which binds to the C ter-
minus—and the catalytic rate constants (kcat) are all within
an order of magnitude of the wild type. In addition, the
circular dichroism (CD) spectra, recorded in native solvent
conditions, show that none of the mutations causes a mea-
surable change in the content of secondary structure (see
Fig. 4). The fluorescence of W315 is heavily quenched in
the native state. Analysis of the high-resolution (1.65 Å)
crystal structure [26] shows a well directed tertiary hydro-
gen bond made between the indole group and the main-
chain carbonyl group of Gly317. Breaking of this hydrogen
bond upon unfolding results in a 2.5-fold increase in
quantum yield (see Fig. 5a). Unfolding also results in a
large ‘red shift’ in the maximum fluorescence emission
wavelength of W315 (see Fig. 5a), suggesting that the
average solvent exposure of W315 increases significantly.
All mutants show a two-state folding transition in the C-
terminal domain at equilibrium (see Fig. 6a). Thus, the
intermediate state, observed in the kinetics of folding, is
never populated in the equilibrated system and the F–U
transition can be described by two parameters: mU and
DGF–U (see Table 2). It is notable that the mutations not
only reduce the value of DGF–U(w), but also the magnitude
of mU. Apart from any general and cooperative effect on
the folded state, the deletion of a core hydrophobic
sidechain will have an intrinsic effect on mU. This arises
from a reduction in the amount of hydrocarbon which
becomes exposed to the solvent upon unfolding. This nec-
essarily leads to a background reduction in the value of mU.
The intrinsic changes in mU have been calculated for each
mutation (see Fig. 7) and are sufficiently small compared
to the observed changes that they can be ignored: the
average calculated intrinsic change in mU for the mutations
is only 6.7% of the experimentally observed change.
The observed changes in mU could be caused by an
increase in the average solvent exposure of the folded
state or, less probably, by a decrease in exposure (i.e. an
increase in compactness) of the unfolded chain. The fact
that the change in mU-value correlates closely with a red
shift in the tryptophan fluorescence emission maximum of
the folded state (Fig. 5b) and with the catalytic efficiency
of the enzyme (Fig. 6b, Table 1) suggests that the former
is true. Also, urea gradient electrophoresis studies, per-
formed on mutants of BPTI [31] and staphylococcal
nuclease [32], suggest that hydrophobic sidechain muta-
tions have no detectable effect on the hydrodynamic prop-
erties of the unfolded state. In the case of the PGK
mutants, we see no spectroscopic differences between the
unfolded states by either fluorescence or CD measure-
ments (data not shown).
The effect on the stability of the folded state per CH2
removed is uniform (1.7 kcal mol–1 ± 0.4), showing that
the mutations have little context dependence in the
folded molecule. This value is in keeping with the effect
of aliphatic mutations on the stability of other proteins
[33–35] and the truncations create cavities with volumes
of 42 (± 15) Å3 per CH2 group, as assessed by the algo-
rithm of Matthews and colleagues [36]. In addition, the
close correlation between three physical properties—mU,
the change in the stability of the catalytic transition state
(Fig. 6b), and the red shift of the indole fluorescence (Fig.
5b)—suggests that these modifications lead to perturba-
tions of structure that go beyond the sites of mutation.
This propagation must result from the intrinsic mobility of
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Table 1
Catalytic activity of PGK mutants.
PGK Km (ATP) kcat* kcat/Km DDG‡cat†
(mM) (s–1) (·103 M–1 s–1) (kcal mol–1)
WT 1.0 250 250 0.00
I216fiA 1.0 120 120 0.44
I217fiA 1.4 130 93 0.58
L221fiA 1.1 90 82 0.66
V306fiA 1.1 120 109 0.49
I216fiA; 1.2 60 50 0.95
V306fiA
I217fiA; 1.5 40 27 1.31
L221fiA
Values are taken from enzymatic reaction rates versus [ATP] (see
Materials and methods; data not shown). *kcat is the turnover number
with units of moles of product formed per mole of enzyme per unit
time. Average error in Km is 20% and for kcat is 15%. †DDG‡cat =
–RTln[(kcat/Km)MUT/(kcat/Km)WT]: this is the difference in free energy for
the activated reaction complex between the wild-type (WT; W315
PGK) and mutant (MUT) protein.
Figure 4
CD spectra for PGK mutants. For the purposes of illustration, the CD
spectrum for the most destabilizing mutant (I217fiA; L221fiA) is
shown against that for WT. All CD spectra collected for the mutant
PGK proteins are identical to the wild-type spectrum. Hence, none of
the mutations causes any gross structural reorganization of secondary
structure.
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the protein structure, coupled with the cooperativity of
interactions which stabilize the native state.
The effect of mutations on the kinetics of folding
The data obtained by the kinetic analysis (see Tables 2,3)
are plotted in Figure 8, with the unfolded state as a refer-
ence. This is justified by the argument that there are no
organized non-covalent interactions in this state, so that the
stabilities and solvent exposures of all the proteins are
equalized [37]. Some studies have identified specific regions
of non-random structure in the unfolded state, induced in
high levels of denaturant (e.g. the 434 repressor fragment
[38]). However, such structures represent only a small frac-
tion of the total unfolded population and the effect of muta-
tion on the free energy of the unfolded state must be
relatively small compared with the effects on the more con-
formationally constrained intermediate and folded states.
For the purposes of the plot in Figure 8, the rate of inter-
conversion between F and I for an activation-less process
is arbitrarily set at 1012 s–1 (the upper rate of rotational
reorganization of sidechains in molecular mechanical sim-
ulations of peptides; RB Sessions, personal communica-
tion). Viewed in this way, several qualitative features of
this reaction profile are striking. Mutations markedly
influence the m-value of both the folded ground state and
the intermediate ground state, showing that their confor-
mational properties alter when core contacts are broken.
This finding is consistent with the idea that the folded
and intermediate states represent ensembles of rapidly
interconverting species which populate a broad energy
well, rather than single well defined species with a rigid
structure [39–41]. In these circumstances, it is conceivable
that mutations in the sequence will redistribute the popu-
lation in favour of more open substates which are rela-
tively unstable in the wild-type molecule, a conclusion
that is substantiated by the relationship between the
change in solvent exposure on unfolding and both the
wavelength of the indole fluorescence emission (Fig. 5b)
and the catalytic efficiency of the mutant enzyme
150 Folding & Design Vol 1 No 2
Figure 5
Fluorescence emission spectra. (a)
Fluorescence emission spectra for the folded
(0 M GuHCl) and unfolded (3 M GuHCl)
states of WT (W315) PGK. An excitation
wavelength of 295 nm was used (slitwidth
0.5 nm), which is well outside the excitation
wavelength band for tyrosine. Unfolding
results in an approximately 2.5-fold increase in
the fluorescence emission intensity of W315.
This increase is most likely due to the
rupturing of a tertiary hydrogen bond made
between the indole group and the mainchain
carbonyl group of Gly317 (see text).
Unfolding also results in a large red shift in the
maximum fluorescence emission wavelength
of W315 of approximately 18 nm, suggesting
a significant increase in the average solvent
exposure of W315 in the unfolded state. 
(b) The maximum emission wavelength for the
folded states of each mutant PGK is plotted
against the calculated mU value (see Table 2).
Error bars are shown for each data point.
These data fit to a straight line with a
correlation of 0.96. Further, no change in the
maximum fluorescence emission wavelength
of the unfolded state is seen with any of these
mutations (data not shown). Hence, it would
seem most likely that the changes in mU
reflect changes in the average solvent
exposure of the folded state (see also
Fig. 6b).
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(Fig. 6b). This phenomenon may explain the large
enthalpy/entropy compensations observed for the unfold-
ing process of some mutant proteins [28], i.e. there is a
balance between packing density and conformational
entropy, so that a high enthalpic cost of removing contacts
is partially offset by an increase in chain entropy.
In the transition state that separates the folded and inter-
mediate states, however, the mutations have a small effect
on the m-value. We interpret this to mean that the most
conformationally constrained population in the folding
reaction is that which constitutes the rate-limiting transi-
tion state. This phenomenon is classically explained by
the protein molecule, when interconverting between the
ground states, having to pass through a relatively narrow
saddle point on an energy surface where conformational
possibilities are restricted. A surprising quality of the tran-
sition state is its high solvent exposure, the m-value being
only slightly smaller than that in the intermediate and half
that of the completely unfolded structure. This observa-
tion supports the view that the transition state in a folding
reaction may be highly solvated (perhaps particularly in
large proteins), as discussed in the ‘critical sub-structure’
model of Kuwajima [42], i.e. the formation of an ordered
localized nucleus is the highest barrier in the folding
pathway.
Solvent exposure and stability
A clear relationship is seen in the plot between the
solvent exposure of non-polar groups (m-value) and the
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Figure 6
Equilibrium unfolding profiles. (a) Three
representative equilibrium unfolding profiles
are shown: WT (W315), V306fiA and
I217fiA; L221fiA. The fluorescence signal
changes have been normalized for
comparison. Fluorescence intensities are
plotted against the calculated molar
denaturant activity (Materials and methods;
[27]). For each mutant studied, the only
species significantly populated over the
unfolding transition are the folded (F) and
unfolded (U) states (see also Fig. 3). Hence,
each unfolding profile is fitted to the two-state
equilibrium unfolding equation:
KF/U = KF/U(w).exp(mU.D)
where D is the molar denaturant activity
(Materials and methods; [27]), KF/U and KF/U(w)
are the equilibrium ratios for the F to U
reaction at a denaturant activity of D and in
water, respectively, and mU describes the
sensitivity of this equilibrium to D. Fitted
curves are shown as continuous lines. Values
for the free energy change for unfolding in
water (DGF–U(w) = –RTlnKF/U(w)) and a
measure of the difference in solvation
between F and U (mU) for WT and PGK
mutants are given in Table 2. (b) The
difference in the catalytic transition state
stabilization free energy (DDG‡cat =
–RTln[(kcat/Km)MUT/(kcat/Km)WT]; see Table 1)
is plotted against mU for each mutant PGK.
These data fit to a straight line with a
correlation of 0.99. In accordance with the
result in Fig. 5b, this suggests that the
changes in mU reflect changes in the average
solvent exposure of the folded state.
Moreover, as there is a clear relationship
between the solvent exposure and free energy
of a state (see text and Fig. 8), it suggests
that these mutations alter the global stability
of the protein and therefore the stability of the
protein–substrate transition state complex, i.e.
the reorganization of structure they cause is
global rather than localized to a specific site.
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free energy of a state (Fig. 8). This is consistent with the
driving force for folding being dominated by desolvation
of hydrocarbon in the protein chain [43–45]. In the folded
molecule, small changes in m-value are associated with
large changes in free energy, i.e. in this highly condensed
state, small changes in solvent exposure have a large
effect on stability. In the intermediate state, which has
passed through a critical stage of hydration (in the unfold-
ing direction) and in which sidechain contacts are less
well organized, changes in solvation are associated with
much smaller shifts in stability. These structures are,
however, divided from those which constitute the folded
population by a phase change that constitutes the rate-
limiting step in folding (reviewed by Karplus and
Shakhnovich [46]).
The fact that mutations influence the conformational
properties of the ground states, as shown by alterations in
solvent exposure, means that the difference free energy
values for each state cannot be interpreted wholly in terms
of the formation/disruption of specified sidechain interac-
tions [25]. That is, the difference free energy values for
each state must contain both reorganization and solvation
terms in addition to the contribution of sidechain interac-
tions. To expand this argument, it is striking how little
context dependence there is in the relationship between
Dm and DDG for the ground states, i.e. the greater the
destabilization, the greater is the solvent exposure. For
both the folded and intermediate states the relationship
between Dm and DDG is surprisingly linear (Fig. 8), with
correlation coefficients of 0.89 and 0.93, respectively (fits
not shown). The slope for this relationship in the folded
state is 1.22 kcal mol–1 M (standard error = 0.18) and for
the intermediate state it is 0.51 kcal mol–1 M (standard
error = 0.09). 
Sequence-local versus sequence-distant contacts:
differential effects on the reaction profile and the double
mutant cycle
The type of interaction broken by these mutations, either
sequence-local (217 and 221) or sequence-distant (216
and 306), has a distinct influence on the folding pathway.
A greater effect is seen on the stability and the compact-
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Figure 7
Non-polar sidechain solvation and denaturant activity; estimation of the
intrinsic change in m-value for the mutations. The dependence of
sidechain solvation energy on molar denaturant activity (calculated as
described in Materials and methods) is shown for the hydrophobic
amino acids. Solvation is expressed as –DGtr/RT, where DGtr is the
free energy of transfer from water to a given concentration of the
denaturant GuHCl (taken from [29,50,51]). The data were fitted to the
equation –DGtr/RT = m.D. Values for m (in units of M–1) are: Ala,
0.0215; Leu, 0.239; Val, 0.131; Ile, 0.215; Phe, 0.388 (average error
in m does not exceed 5%). Hence, the expected intrinsic change in mU
for the PGK mutants are: I216fiA and I217fiA, –0.194; L221fiA,
–0.218; V306fiA, –0.110; I216fiA;V306fiA, –0.304;
I217fiA;L221 A, –0.412. The observed changes in mU (see Table 2)
are: I216fiA, –2.98; I217fiA, –2.62; L221fiA, –3.30; V306fiA,
–2.98; I216fiA;V306fiA, –4.61; I217fiA;L221fiA, –6.47. On
average, the expected intrinsic change in mU is only 6.7% of the
observed change in mU.
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Table 2
Free energy changes and m-values of WT and mutant PGKs:
ground states.
PGK DGF–U(w)* DGI–U(w) mU* mI DDGF–U(w)† DDGI–U(w)†
(kcal mol–1) (M–1) (kcal mol–1)
WT –13.64 –3.36 –21.89 –12.15
I216fiA –10.31 –2.50 –19.86 –11.04 –3.33 –0.86
I217fiA –7.50 –1.49 –19.27 –12.63 –6.14 –1.87
L221fiA –8.88 –1.43 –18.59 –12.39 –4.76 –1.93
V306fiA –9.19 –2.69 –18.91 –12.07 –4.45 –0.67
I216fiA; –6.56 –1.85 –17.28 –9.67 –7.08 –1.51
V306fiA
I217fiA; –5.66 –0.72 –15.42 –10.33 –7.98 –2.64
L221fiA
*DGF–U(w) and mU values are averaged from equilibrium and kinetic
data. †DDG = DGWT – DGMUT. Errors in DGF–U and mU do not exceed
10% and errors in DGI–U and mI do not exceed 15%. Consequently,
errors in DDGF–U(w) and DDGI–U(w) do not exceed 20% and 30%,
respectively.
ness of the intermediate when those residues that interact
with near neighbours in the sequence are truncated,
implying that these contacts are better formed in this
rapidly formed state (Fig. 8 inset). The proposal that
short sequence range interactions are dominant in the
intermediate is confirmed by the results of the double
mutant cycles (Table 4, Fig. 9). By subtracting the com-
bined energy changes for two separate mutations (A and
B) from the energy change in the double mutant (AB),
the specific contribution of the contact between the
mutated sidechains to the stability of any state in the
folding reaction can be deduced. This method simplifies
the assessment of pairwise residue interactions, as addi-
tional sidechain interaction free energies and any reorga-
nization energies (which appear to have little context
dependence) are effectively cancelled out [47,48]. The
clear result of this analysis is that the sequence-distant
contacts are weak in the intermediate and become impor-
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Table 3
Difference free energies of activation (in the unfolding
direction) and m-values for the rate-limiting transition state.
PGK mt lnk(F–I(w)) DDGF–t(w)*
(M–1) (kcal mol–1)
WT –12.02 –21.00
I216fiA –10.33 –19.51 –0.88
I217fiA –10.54 –15.88 –3.02
L221fiA –9.82 –16.15 –2.86
V306fiA –8.83 –15.29 –3.37
I216fiA; –7.42 –14.42 –3.88
V306fiA
I217fiA; –6.88 –13.10 –4.66
L221fiA
*DDGF–t(w) = RT ln(k(F–I(w))WT/k(F–I(w))MUT). This is the difference in the
activation free energy for unfolding between WT and mutant protein.
Errors in DDGF–t(w) and mt do not exceed 20%.
Figure 8
Free energy profiles for the folding reactions.
The main plot shows the free energy of a
given state as a function of its m-value. Here,
the unfolded state is taken as the reference
point (mU = 0, GU = 0; see text for
discussion). Thus, the reaction profile (left to
right) represents the folding of the C-terminal
domain from the unfolded state (in which
inter-residue interactions are negated) to the
native population. Inset is the degree to which
the mutated sidechains make their
contribution to the stability of the molecule at
each stage of the folding reaction. Values on
the y-axis, which represent the development of
interactions during folding, are given as the
percentage effect of a mutation on any state
with respect to that on the folded state, i.e. 
y = ((DDGX–U/(DDGF–U))·100%. Here, x
defines the unfolded (U), intermediate (I),
transition (t) or folded (F) state, as indicated
on the profile.
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tant only as the molecule traverses the energy barrier to
the folded state. In contrast, sequence-local contacts
between neighbouring elements of secondary structure
are strong in the intermediate, but do not develop greatly
in the transition state.
Implications for models of protein folding
These results provide experimental evidence for the
theory that sequence locality controls the folding mecha-
nism [7,49]. Our findings support a model in which this
large protein domain (221 amino acids) folds by an hierar-
chic pathway initiated by the rapid formation of
microdomains. This produces a non-uniform intermediate
containing ‘islands’ of well formed structure, where sec-
ondary elements that are sequence neighbours make
residue-specific hydrophobic contacts with each other.
The rapidity results from the high probability of forming
such interactions and the facility with which solvent is
excluded from local segments of the chain. The slow step
in the folding of the whole domain is the docking of these
marginally stable microdomains. The transition state for
this process is early, i.e. there is little change in exposure
beyond that attained by the intermediate, implying that
the rate-limiting step occurs at the point on the reaction
coordinate (Fig. 8) where a second and more cooperative
phase of dehydration commences. The new energetic con-
tributions to the transition state are provided by both the
development of statistically less likely interactions
between more distant segments in the sequence and the
final exclusion of water, rather than a strengthening of
contacts within the microdomain (Fig. 9). These remote
contacts therefore direct the assembly of relatively unsta-
ble substructures before consolidation of all regions to
produce the folded state. 
This result emphasizes the role of local structural organiza-
tion in the first and critical step in folding where important
‘decisions’ are made about the fold. Such a view of protein
folding has some implications for the design of computa-
tional models which seek to predict fold from primary
sequence. It suggests that a method which searches for
favourable conformations in only short segments of protein
(as described by Srinavasan and Rose [49]) may produce a
sufficiently accurate prediction of constituent
microdomains to bring a search for the global conformation
of the folded state within computational range.
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Table 4
Double-mutant cycle analysis. Sidechain interaction free
energies (DDGINT*).
PGK DDGINT(F) DDGINT(t) DDGINT(I)
(kcal mol–1)
I216fiA; –0.70 –0.37 –0.02
V306fiA
I217fiA; –2.92 –1.22 –1.16
L221fiA
Double mutant cycle analysis for short (I217– L221) and long
(I216 – V306) sequence range interactions. *DDGINT is the
sidechain–sidechain interaction free energy for the state designated by
the subscript and is defined by: DDGINT = DDG(WTfiX) + DDG(WTfiY) –
DDG(WTfiXY). Here, DDG(WTfiX) and DDG(WTfiY) are the difference free
energies for a particular state for creating mutation X and mutation Y,
respectively, and DDG(WTfiXY) the difference free energy for the
mutation X+Y. Errors in DDGINT(F), DDGINT(t) and DDGINT(I) do not
exceed 50%.
Figure 9
The double mutant cycle. The specific contact
energies between I216 and V306 (long
range) and I217 and L221 (short range) in
each state are given in Table 4. As in the inset
to Fig. 8, the development of each interaction,
at given stages of folding, is represented as
the percentage of its free energy contribution
to the folded state. Overlaid on the graph is a
schematic of the contacts being formed at
each stage (see also Fig. 1).
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Materials and methods
Source of proteins
The full-length PGK gene from B. stearothermophilus [26] was sub-
cloned into the phagemid vector Bluescript KS M13 (Stratagene, San
Diego) in order to facilitate production of single-stranded template
DNA, and site-directed mutagenesis was carried out as described in
[29]. To provide a clear and unambiguous signal for the folded state,
the surface Trp290 residue was replaced by tyrosine to leave Trp315
as the sole reporter group. This conservative mutation has little influ-
ence on the free energy of the folded state (DDG = 0.8 kcal mol–1) and
the resultant protein maintains high catalytic activity [29]. All the
aliphatic truncation mutants studied in this work were constructed on
this Trp315 (W315 PGK) template so that the latter is referred to as
the wild type. Preparation of mutant proteins was carried out as
described in [29].
Enzymatic activity was assayed by linking the reaction to glyceralde-
hyde-3-phosphate dehydrogenase following the absorbance change at
340 nm during NADH/NAD+ conversion [29]. Protein concentrations
were estimated by UV absorption of aromatic residues at 280 nm (e =
5500 M–1 cm–1 for tryptophan and 1100 M–1 cm–1 for tyrosine).
Fluorescence and circular dichroism (CD) spectra
For fluorescence emission spectra, 2 mM PGK was incubated in
50 mM triethanolamine hydrochloride (TEA) (Boehringer Mannheim),
pH = 7.2 at 25°C in a quartz cuvette (10 mm path length). Spectra
were recorded between 320 and 390 nm (wavelength increment
0.5 nm; integration time 1 s) using an emission monochromator
(slitwidth 0.5 nm) and an excitation wavelength of 295 nm selected by
a single monochromator (slitwidth 0.5 nm) from a xenon light source in
a Spex Fluoromax spectrofluorometer. A baseline emission spectrum of
50 mM TEA was subtracted from each spectrum.
For CD spectra, 20 mM PGK was incubated in 50 mM dipotassium
hydrogen phosphate (K2HPO4; Aldrich Chemical Co.), pH = 7.2 at
25°C in a cylindrical quartz cuvette (0.1 mm path length). Molar elliptic-
ity ([U]; units of deg M–1 cm–1) was recorded between 185 and
260 nm (wavelength increment 0.5 nm; slitwidth 0.5 nm; integration
time 1 s) with a xenon light source in a Jobin–Yvon CD6 spectrometer.
Presented spectra are an average of five. A baseline spectrum of
50 mM K2HPO4 was subtracted from each spectrum.
Equilibrium folding measurements
2 mM PGK was incubated in 50 mM TEA (pH = 7.2), 2 mM dithiothre-
itol (DTT; Calbiochem), to prevent intermolecular disulphide bond forma-
tion, and increasing concentrations of guanidine hydrochloride (GuHCl;
enzyme grade, Sigma). The unfolding reactions were allowed to equili-
brate for 4 h at 25°C before fluorescence intensity was recorded (exci-
tation wavelength, 295 nm; emission wavelength, 345 nm).
Measurement of folding and unfolding rates
Unfolding reactions were initiated by injecting 20 ml of a 20 mM solu-
tion of PGK, containing 50 mM TEA (pH = 7.2), into a rapidly stirred
quartz cuvette holding 2000 ml of a buffered GuHCl solution (pH =
7.2), containing 2 mM DTT. Folding reactions were initiated by injecting
20 ml of a 20 mM solution of PGK, containing 50 mM TEA (pH = 7.2),
3 M GuHCl and 2 mM DTT, into 2000 ml of buffered GuHCl solutions
(pH = 7.2), containing 2 mM DTT. Fluorescence intensity was
recorded as a function of time at 345 nm (5 nm slitwidth), using an
excitation wavelength of 295 nm (2.5 nm slitwidth), with an integration
time of 1 s, in a Spex Fluoromax spectrofluorometer. Reaction solutions
were maintained at 25°C using thermostated circulating water baths.
Treatment of equilibrium and kinetic data
For both equilibrium and kinetic data, GuHCl concentration is con-
verted to molar denaturant activity (D):
D = C0.5 [GuHCl] / (C0.5 + [GuHCl]) (2)
where C0.5 is a denaturation constant with a value of 7.5 M for
GuHCl [27].
Equilibrium fluorescence profiles were fitted to the equation [27]:
I = aF.IF + aU.IU (3)
with temporary variables:
KF/U = KF/U(w).exp(mU.D)
aF = KF/U/(1 + KF/U)
aU = 1 – aF
where aF and aU are the fractional populations of molecules in the
folded and unfolded states, respectively; I, IF and IU are the fluores-
cence intensities (measured, folded and unfolded), KF/U is the equilib-
rium constant (F/U) at a given denaturant activity, KF/U(w) is the
equilibrium constant in water and mU is a measure of the degree of
solvation of the unfolded state (note that F is used as a reference
state: both the free energy and m-value of F are arbitrarily set to
zero).
The transients of fluorescence intensity (I) versus time, which are single
relaxation processes in both the folding and unfolding directions, were
fitted to equation 4: 
I = Ia.(1 – exp(–k.t)) + Io (4)
for rising intensities (where Ia is the fluorescence amplitude of the reac-
tion, k is the observed rate constant for the relaxation and Io is the initial
intensity), and to equation 5:
I = Ia.exp(–k.t) + If (5)
for decreasing intensities (where If is the final fluorescence intensity).
Linear free energy profiles (observed rate constant [kobs] versus denat-
urant activity [D]) were fitted to equation 6:
kobs = k(F–I) + k(I–F)/(1 + 1/KI/U) (6)
(see reference [27]) where k(I–F) and k(F–I) are rate constants describing
the forward and reverse transitions, respectively, between the folded
and intermediate states and KI/U the equilibrium constant for the rapid
inter-conversion of the intermediate and unfolded states. In the fitting
routine the following temporary variables were used:
k(F–I) = k(F–I(w)).exp(–mt.D)
k(I–F) = k(I–F(w)).exp((mI – mt).D)
KI/U = KI/U(w).exp((mU – mI).D)
where each m parameter describes the shift in stability of the indicated
state as a function of denaturant activity and has units of M–1.
All data were fitted using the Marquardt non-linear least-squares algo-
rithm within the Grafit analysis software (Erithracus software, UK).
When fitting kinetic data to equation 2, it is important to use propor-
tional weighting, so that the fitted values take account of rate constants
equally across the whole range [27].
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